For strong interactions, we find evidence for an emergent incompressible Mott insulating phase.
The fermionic Hubbard model plays a fundamental role in the description of strongly correlated materials. Here we report on the realization of this Hamiltonian using a repulsively interacting spin mixture of ultracold 40 K atoms in a 3D optical lattice. We have implemented a new method to directly measure the compressibility of the quantum gas in the trap using in-situ imaging and independent control of external confinement and lattice depth. Together with a comparison to ab-initio Dynamical Mean Field Theory calculations, we show how the system evolves for increasing confinement from a compressible dilute metal over a strongly-interacting Fermi liquid into a band insulating state.
For strong interactions, we find evidence for an emergent incompressible Mott insulating phase.
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Introduction. Interacting fermions in periodic potentials lie at the heart of modern condensed matter physics, presenting some of the most challenging problems to quantum many-body theory. A prominent example is high-T c superconductivity in cuprate compounds (1) and the recently discovered iron-arsenic alloys (2) . In order to capture the essential physics of such systems, the fermionic Hubbard Hamiltonian (3) has been introduced as a fundamental model describing interacting electrons in a periodic potential (1, 4) . In a real solid, however, the effects of interest are typically complicated by e.g. multiple bands and orbital degrees of freedom, impurities and the long-range nature of Coulomb interactions which becomes especially relevant close to a metal to insulator transition. It is therefore crucial to probe this fundamental model
Hamiltonian in a controllable and clean experimental setting. Ultracold atoms in optical lattices provide such a defect-free system (5, 6) , in which the relevant parameters can be independently controlled, allowing quantitative comparisons of the experiment with modern quantum manybody theories. For the case of bosonic particles (7, 8) , a series of experiments carried out in the regime of the superfluid to Mott insulator transition (9, 10, 11) have demonstrated the versatility of ultracold quantum gases in this respect. For both bosonic and fermionic systems, the entrance into a Mott insulating state is signaled by a vanishing compressibility, which can in principle be probed experimentally by testing the response of the system to a change in external confinement. This is probably the most straightforward way to identify the interaction-induced Mott insulator and to distinguish it, e.g., from a disorder induced Anderson insulator (12, 13, 14) .
In a solid, however, the corresponding compressibility can usually not be measured directly, since a compression of the crystalline lattice by an external force does not change the number of electrons per unit cell (see also SOM.1).
In this work, non-interacting and repulsively interacting spin mixtures of fermionic atoms deep in the degenerate regime are studied in a three-dimensional optical lattice. In the experiment, we are able to independently vary the interaction strength between the fermions using a Feshbach resonance, as well as the lattice depth and the external harmonic confinement of the quantum gas. By monitoring the in-trap density distribution of the fermionic atoms for increasing harmonic confinements, we directly probe the compressibility of the many-body system.
This measurement allows us to clearly distinguish compressible metallic phases from globally incompressible states and reveals the strong influence of interactions on the density distribution. For non-interacting clouds the system changes continuously from a purely metallic state into a globally incompressible band-insulating state with increasing confinement. For repulsive interactions, we find the cloud size to be significantly larger than in the non-interacting case, indicating the resistance of the system to compression. For strong repulsion, the system evolves from a metallic state into a Mott insulating state and eventually a band insulator as the compression increases.
In order to probe the local on-site physics of the system, we measure the fraction of atoms on doubly occupied lattice sites for different experimental parameters. For medium compressions and strong repulsive interactions, we find an almost order of magnitude suppression of the fraction of doubly occupied sites compared to the non-interacting case. For strong compressions the systems enters a band-insulating state and the fraction of atoms on doubly occupied sites becomes comparable for all interactions. In previous experiments, a suppression of the number of doubly occupied sites was demonstrated for increasing interaction strength for bosons (15) and fermions (16) at fixed harmonic confinement, signaling the entrance into a strongly interacting regime.
The experimentally observed density distributions and fractions of doubly occupied sites are compared to numerical calculations using Dynamical Mean Field Theory (DMFT) (17, 18, 19, 20) . DMFT is a central method of solid state theory and is widely used to obtain abinitio descriptions of strongly correlated materials (18) . This comparison of DMFT predictions with experiments on ultracold fermions in optical lattices constitutes the first parameter-free experimental test of the validity of DMFT in a three-dimensional system.
Theoretical model. Restricting our discussion to the lowest energy band of a simple cubic 3D optical lattice, the fermionic quantum gas mixture can be modeled via the HubbardHamiltonian (3) together with an additional term describing the potential energy due to the underlying harmonic potential:
Here the indices i, j denote different lattice sites in the three-dimensional system (i = (i x , i y , i z )), i, j neighboring lattice sites, σ ∈ {↓, ↑} the two different spin states, J the tunneling matrix element and U the effective on-site interaction. The operatorsĉ i,σ (ĉ † i,σ ) correspond to the annihilation (creation) operators of a fermion in spin state σ on the ith lattice site andn i,σ counts the number of corresponding atoms on the ith lattice site. The strength of the harmonic confinement is parameterized by the energy offset between two adjacent lattice sites at the trap
with ω ⊥ = ω x = ω y = ω z being the horizontal trap frequency and d the lattice constant. The constant aspect ratio of the trap is denoted by γ = ω z /ω ⊥ . Due to the Pauli principle every lattice site can be occupied by at most one atom per spin state.
The quantum phases of the Hubbard model with harmonic confinement are governed by the interplay between three energy scales: kinetic energy, whose scale is given by the lattice bandwidth 12J in three dimensions, interaction energy U, and the strength of the harmonic confinement, which can conveniently be expressed by the characteristic trap energy Depending on which term in the Hamiltonian dominates, different kinds of many-body ground states can occur in the trap center (see Fig. 1 ). For the case of weak interactions in a shallow trap U ≪ E t ≪ 12J the Fermi energy is smaller than the lattice bandwidth (E F < 12J) and the atoms are delocalized in order to minimize their kinetic energy. This leads to compressible metallic states with central filling n 0,σ < 1 (Fig.1A) , where the local filling factor n i,σ = n i,σ denotes the average occupation per spin state of a given lattice site. A dominating repulsive interaction U ≫12J and U ≫ E t suppresses the double occupation of lattice sites and can lead to either Fermi-liquid (n 0,σ < 1/2) or Mott-insulating (n 0,σ = 1/2) states in the center of the trap (Fig.1B) , depending on the ratio of kinetic to characteristic trap energy. Stronger compressions lead to higher filling factors, ultimately (E t ≫12J, E t ≫U) resulting in an incompressible band insulator with unity central filling at T = 0 (Fig.1C) .
Finite temperature reduces all filling factors and enlarges the cloud size, as the system needs to accommodate the corresponding entropy. Furthermore, in the trap the filling always varies smoothly from a maximum at the trap center to zero at the edges of the cloud. For a dominating trap and strong repulsive interaction at low temperature (E t > U > 12J), the interplay between the different terms in the Hamiltonian gives rise to a wedding-cake like structure (see also found that a further approach to the Feshbach resonance is hindered by enhanced losses and heating in the lattice (see (22) ).
After evaporation, the dipole trap depth is again slightly increased and the magnetic field is tuned to the desired value. Subsequently, a blue detuned 3D optical lattice (λ lat = 738 nm) with simple cubic symmetry is linearly increased within 10 ms to a potential depth of V lat = 1 E r .
Here E r = h 2 /(2mλ 2 lat ) denotes the recoil energy, which sets a natural energy scale for the depth of the optical lattice (6) and m is the mass of a single atom. The combination of a reddetuned optical dipole trap and a blue-detuned lattice potential allows us to vary lattice depth and external confinement independently. Thereby, the compression of the atomic cloud can be adjusted over a wide parameter range and horizontal trap frequencies as low as ω ⊥ ≃ 2π×20 Hz can be reached in the presence of the lattice, thus allowing for metallic states with high atom numbers. To monitor the in-situ density distribution under different external confinements, we then ramp the dipole trap depth in 100 ms to the desired external harmonic confinement (ω ⊥ = 2π ×20−120 Hz), followed by a linear increase of the optical lattice depth to V lat = 8 E r in 50 ms.
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An in-situ image of the cloud is subsequently taken along the short axis of the trap using phase-contrast imaging (23) Fermi fits (see Supporting Online Material (SOM.5)).
As phase-contrast imaging is non-destructive, it allows us to also measure the quasi-momentum distribution of the atoms in the same experimental run using a band-mapping technique (24, 25, 26) . To this end, the lattice is ramped down in 200 µs and a standard absorption image is taken after 10 ms time-of-flight.
All experimental data are compared to numerical calculations, in which the DMFT equations of the homogeneous model are solved for a wide range of temperatures and chemical potentials using a numerical renormalization group approach (27, 28) (see SOM.7 for details). As shown in (29, 19), the trapped system can be approximated to very high accuracy by the uniform system through a local density approximation (LDA) even close to the boundary between metal and insulator. For a comparison with the experimental results it is convenient to express the cloud size R in rescaled units R sc = R/(γN σ ) 1/3 , along with the dimensionless compression E t /12J. In these units, the cloud size depends only on the interaction strength U/12J and the entropy. In all calculations, we use the entropy determined from a non-interacting Fermi gas in an harmonic trap at an initial temperature T /T F and assume adiabatic lattice loading A comparison between the numerically calculated density distributions, the corresponding column densities and the experimentally measured ones is presented in Figure 2 This general behavior can be quantified further by plotting the cloud size R sc (dots) in rescaled units as a function of the characteristic trap energy Fig. 3 ). Additionally, the global compressibility Fig. 4 and SOM.1) of the system can be extracted from these measurements using linear fits to four consecutive data points to determine the derivative. In the non-interacting case we find the cloud sizes ( is clearly bigger than in the non-interacting case but eventually reaches the size of the band insulator. For stronger repulsive interactions (U/12J = 1.5) we find the onset of a region (0.5 < E t /12J < 0.7) where the cloud size decreases only slightly with increasing harmonic confinement, denoting a very small compressibility, whereas for stronger confinements the compressibility increases again. This is consistent with the formation of an incompressible Mott-insulating core with half filling in the center of the trap, surrounded by a compressible metallic shell, as can be seen in the corresponding in-trap density profiles (see Fig. 4E , F). For higher confinements an additional metallic core (1/2 < n i,σ < 1) starts to form in the center of the trap. A local minimum in the global compressibility is in fact a genuine characteristic of a Mott-insulator and for large U and low temperature, we expect the global compressibility in the middle of the Mott region to vanish as 1/U 2 (see SOM.1). The experimental data, indeed,
show an indication of this behavior (see Fig. 4 C) for increasing interactions. For E t /12J ≃ 0.5 a minimum in the compressibility is observed, followed by an increase of the compressibility around E t /12J ≃ 0.8, slightly earlier than predicted by theory.
When the system is compressed even further all cloud sizes approach that of a band insulating state and all compressibilities tend to zero. As can be seen in the theory predictions, for strong confinement the repulsively interacting clouds can, however, become slightly smaller than the non-interacting one due to Pomeranchuk cooling (30) . At the same average entropy per particle, the interacting system has a considerably lower temperature in the lattice, as the spin entropy is enhanced due to interactions (see SOM. In the limit of very low compression (weak confinement) the average density is small n σ < 0.1 and p tends to zero. For intermediate densities the fraction of doubly occupied sites depends crucially on the interaction. At a constant mean density of n σ = 0.4, we find a pair fraction of 40% for a non-interacting cloud and around 5% for a medium repulsive interaction U/12J = 1 (see yellow circles in Fig. 5A, B) . In this regime of repulsive interactions at medium compression it is energetically favorable to reduce the number of doubly occupied sites although this costs potential and kinetic energy. As a consequence, different compressions are needed to reach the same average density for different interactions, as can be seen in Fig. 5B .
For strong compressions, the measured pair fraction becomes comparable for all interactions (see Fig. 5 ), as the potential energy in the trap becomes larger compared to U and all atom distributions are expected to contain a large band-insulating core (see SOM.8). Ultimately, the pair fraction (average density) is limited to values smaller than 60% (n σ < 0.7) due to the finite entropy per particle, which reduces the filling factor in the band-insulating state. While the noninteracting and slightly repulsively interacting curve U/12J = 0.5 match the DMFT results for an inital temperature of T /T F = 0.15, we see deviations for stronger repulsive interactions (U/12J = 1). In this case the measured pair fraction is in general ≃ 10% higher than predicted by theory, nevertheless the qualitative behavior agrees very well. We note that a suppressed pair fraction in comparison with the non-interacting case occurs for all temperatures in the lattice below k B T lat ≈ U, regardless of the formation of an incompressible Mott insulating phase in the inhomogeneous system (see SOM.2). Furthermore, the pair fraction vanishes even for a compressible purely metallic phase with n i,σ < 1/2 in the strongly interacting regime. Our measurements are an important step in the direction of analyzing fermionic many-body systems with repulsive interactions in a lattice. For initial entropies lower than S/N k B ln 2, one expects the system to enter an antiferromagnetically ordered phase, as the temperature of the quantum gas can then drop below the superexchange coupling that mediates an effective spin-spin interaction between the particles (20, 30, 35, 36) . This would open the path to the investigation of quantum magnetism with ultracold atoms (37) , being an encouraging starting point to ultimately determine the low-temperature phase diagram of the Hubbard model (1, 38) .
Summary and
This includes the search for a d-wave superconducting phase (39) that is believed to emerge from within the two-dimensional Hubbard model. Mott insulator is its incompressibility: κ n vanishes exponentially for low temperatures. The compressibility allows one to distinguish a Mott insulator, e.g., from an Anderson insulator of non-interacting particles in the presence of strong disorder. κ n can be measured only indirectly in three-dimensional solids, e.g. by comparing shifts in photoemission spectra (S1) for samples with different doping. The interpretation of such an experiment is, however, difficult, as a doping of a sample also changes other contributions to the total energy (e.g. the Coulomb energy) which also lead to a shift of the spectra. A more direct measurement of κ n can be obtained in thin films or field effect transistors where the density of electrons can be changed using a back gate, see e.g
. (S2).
It is important to realize that in solids the compressibility of the volume κ V is usually unrelated to the electronic compressibility κ n as the number of electrons per unit cell is not modified when pressure is applied. The situation is completely different for atomic clouds. When an atomic cloud is compressed by a change of the trapping potential V t the density of atoms does change considerably as the radius of the cloud R will be reduced. Therefore the compression 22 of an atom cloud gives valuable information on the properties of the various phases realized in the trap.
The global compressibility of the cloud can be defined as
, where R = r 2 n c (r)d 2 r/N is the typical radius of the cloud (N = 2N σ ) and n c (r) is the column density. For simplicity, we use an isotropic trap (γ = 1) in the following. The powers of R in the prefactors are chosen such that the quantities are well-defined in the thermodynamic limit
In rescaled units the corresponding definition is
As has been shown in (S3,S4) , the local density of the system is well described by the density of a homogeneous system with the chemical potential µ − V t r 2 (LDA approximation). When V t is changed, both the chemical potential µ and the temperature T are modified. Using that both particle number and entropy remain constant, one can eliminate ∂µ/∂V t and ∂T /∂V t to express the total compressibility of the trap in terms of grand-canonical derivatives of the density n and entropy s per lattice site
where r 0 is a typical radius defined by
with r In this regime κ R is linear in ∆r and therefore κ R ∼ 1/U until the center of the trap is filled with doubly occupied sites. In the low density limit,
at low temperatures as interactions can be neglected and R ∼ N 1/3 (E t /12J) −1/4 . The above described behavior of κ R is shown in Figure S1 . The final temperature in the lattice, which is plotted in Figure S4A in rescaled units, is a function of the initial entropy per particle, the compression and the interaction. Due to the Pomeranchuk effect, the temperature in the lattice T lat decreases for stronger interactions as the particles become more localized, which increases the spin entropy. Therefore the cloud size at high compressions can become slightly smaller for medium interactions than for zero interaction, as can be seen in Figure S4B . In Figure S5A the entropy distribution of a purely metallic state with less than half filling in the center of the trap is shown. At higher compression (B) a Mott-insulator with unity filling and k B ln 2 entropy per particle has formed in the center of the trap even in the case of T /T F = 0.15, for which the average entropy per particle is above k B 2 ln 2. This is possible only due to the inhomogeneity of the system, as most of the entropy is carried by the metallic shells where the entropy per particle can diverge. For high compressions (D) a band-insulating core has formed and for low enough temperatures (black) nearly all entropy is carried by the surrounding shells.
The small dip at r = 20 is a remnant of the Mott-insulating shell between the two metallic shells. Note that entropy per lattice site and entropy per particle are equal at half filling.
Fitting procedure
To extract the cloud size R from the phase contrast images, we fit the 2D image of the cloud with the following adapted Fermi-Fit function:
with Li 2 being the di-logarithm and x c , y c , σ x , σ y , a, b, c free fit parameters. The last term models a broad funnel-shaped background, which is an artifact of phase-contrast imaging. As can be seen in Figure S6 , this function describes our measured curves much better than a Gaus- 
Atom number calibration and fraction of atoms on doubly occupied sites
The atom numbers in the manuscript were calibrated such that the theoretically calculated renormalized cloud size for non-interacting atoms at high compressions was reproduced. This atom number calibration agrees within 10% with both the theoretical expectation when taking the polarization of the probe beam and the corresponding Clebsch-Gordan coefficients of the transition used for phase contrast imaging into account and a second independent calibration, in which the cloud size of a non-interacting Fermi gas in a pure dipole trap was measured as a function of the trap frequency and compared to the theoretically expected scaling.
When measuring the fraction of atoms on doubly occupied lattice sites, we need to take a strong reduction of the pair lifetime for high lattice depths V lat = 20 − 25 E r into account.
During the 15 ms hold time used for the Feshbach ramps, doubly occupied sites can be lost due to a light assisted collision process caused by the blue detuned lattice light (S5,S6) . This process selectively affects only doubly occupied sites and therefore yields an underestimation of the measured pair fraction p, for which the experimental data has been accordingly corrected.
The observed atom losses range from 15% for non-interacting atoms to below 5% for strong repulsive interaction and are consistent with the independently measured lifetimes of 70(10) ms (a = 0a 0 ) resp. 310(70) ms (a = 150a 0 ) for doubly occupied sites in a deep lattice V lat = 24E r .
Numerical implementation
To obtain the theoretical results shown in the paper, we use the numerical renormalization group method (NRG) to solve the dynamical mean field equations for the Hubbard model in the thermodynamic limit, see Refs. (S7,S8) . The NRG calculations were carried out using a logarithmic discretization of the conduction band with discretization parameter Λ/6J = 1.5, N sh = 78 energy shells and 660 retained states per energy shell. From the solution we obtain the average number of atoms per site and spin, n(µ, T ), and the average number of doubly occupied sites, n d (µ, T ), for a dense linear grid of chemical potentials and a logarithmic grid of temperatures. We interpolate the result. As the NRG code does not work very well for extremely low densities of particles or holes, we use the non-interacting result in this regime for n(µ, T ) (typically n < 0.03 for moderate T ). It is, however, not possible to approximate n d (µ, T ) by the non-interacting result in this regime. For finite temperature, the number of doubly occupied sites is proportional to n 2 for n → 0 with a proportionality factor which is independent of T in this classical limit. We determine the proportionality factor c(U) numerically (c(U) ≈ 0.39, 0.22, 0.13, 0.087, 0.064 for values of U ranging from U/12J = 0.5 to 2.5) and use n d ≈ c(U)n 2 in the low-density limit.
A direct calculation of the entropy within DMFT+NRG is subtle, therefore we use the thermodynamic relation ∂n/∂T = ∂s/∂µ to obtain s(µ, T ) = µ −∞ ∂n/∂T for µ < U/2 31 and s(µ, T ) = s(U − µ, T ) for µ > U/2. The interpolation and integration errors due to this procedure are typically less than 5% as one can check by comparing s(µ = U/2) with ln 2, the value expected in the Mott insulating phase. We then use the local density approximation (LDA), justified in (S3,S4) ), to obtain the entropy per particle S/N(µ, T ) = In the figures S7 and S8 the in-trap density distributions are plotted for various interaction strengths. The formation of the Mott-insulating core with half filling is clearly visible for both temperatures.
